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ABSTRACT 
 
High loads of natural organic matter (NOM) in source waters increase levels 
of toxic disinfection byproducts (DBPs) during treatment, including 
trihalomethanes (THMs) and haloacetic acids (HAAs), which are formed when 
NOM is chlorinated. Rates of NOM loading and, by extension, DBP formation 
potential vary spatially and temporally, and depend on land use within the 
watersheds. While non-chemical disinfection is typically based on mercury UV 
lamps, LED-based disinfection systems are being considered as an energy efficient 
alternative, since they require a fraction of the energy used by mercury lamps. This 
study explores the efficacy of a novel water treatment process for bacterial removal 
and DBP management that uses conventional NOM removal processes, and LED-
based UVC and chlorine as primary and secondary disinfectants, respectively. 
Samples were collected from urban, agricultural, and forested watersheds during the 
summer and fall of 2018. Results show that LED-UVC with secondary chlorination 
results in the removal of all bacteria while producing 25% of the THMs and HAAs 
formed through conventional treatment during summer sampling, regardless of the 
land use. However, increased lignin-based plant matter during fall from defoliation 
inhibited conventional NOM removal, increasing turbidity and reducing UV 
transmittance. Additionally, due to the high concentration of NOM, DBP formation 
exceeded MCLs during the fall season. Therefore, consideration needs to be given 
to not only alternative disinfection strategies, but also to more efficient NOM 
removal processes that will reduce byproduct formation during disinfection and 
increase UV transmittance. 
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PREFACE 
 This thesis is written in manuscript format. Chapter 1 was published in MATEC 
Web of Conferences. Chapter 2 was formatted for submission to Journal of 
Environmental Science. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
 Global water resources are under severe stress from over-pumping and 
contamination, while climate change-induced extreme weather events and unpredictable 
weather patterns will further degrade the quality of existing water resources (Arnell, 
1999). Although droughts and floods have received much attention recently, of equal 
concern is the quality of existing water resources and the means with which to treat them. 
Moreover, many drinking water treatment plants were designed with the expectation of 
stationarity, or consistent water quality parameters, such as natural organic matter (NOM) 
loading, and turbidity (Miley et al, 2015). High rates of NOM loading are particularly 
problematic due to their reaction with chlorine during disinfection, forming carcinogenic 
disinfection byproducts (DBPs), such as trihalomethanes (THMs) and haloacetic acids 
(HAAs) (Uyak and Demirbas, 2014).  
The presence of DBPs is a major challenge in drinking water quality treatment, and as 
a result, water managers often face the challenge of eliminating harmful pathogens while 
managing DBP levels (Chowdhury et al., 2011).  First discovered in 1974, the United 
States Environmental Protection Agency (UESPA, 2012) currently regulates four 
trihalomethanes (THM4) and five haloacetic acids (HAA5) at maximum contaminant 
levels (MCLs) of 80 and 60 g/l, respectively. Although many drinking water reservoirs 
maintain a relatively consistent level of total NOM, composition may change through 
land use or seasonally as a result of events, such as defoliation, snowmelt, low 
precipitation, etc. (Wei, 2010; Vaughn et al., 2017; Cooney, 2018; Zhao, 2018). 
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Consequently, treatment processes for NOM removal, such as flocculation can be 
adversely affected by changes in NOM composition, such as an increase in lignin during 
the fall season or defoliation events caused by pests (Zahrim et al., 2015; Wang et al., 
2009; Kelly et al, 2018). 
Large municipal systems mitigate these risks through best management practices, 
such as forested buffer zones for source water protection. However, the majority of 
drinking water systems in the U.S. are classified as “small water systems,” and usually do 
not have the resources to take mitigative steps available to large municipalities; 
consequently, most EPA water quality violations happen with small systems (Rubin, 
2013). To offset these shortfalls, many end-users use point-of-entry/POU treatment 
systems in their households.  
One such strategy is the use of non-chemical disinfectants such as ultraviolet light 
(UV), which has few known toxic byproducts (Chowdhury et al., 2009). It is effective in 
inactivating microorganisms, including bacteria such as E.coli and chlorine-resistant 
protozoa, such as Cryptosporidium and Giardia, by disrupting their RNA or DNA, 
thereby eliminating their ability to reproduce (Bolton and Cotton, 2008). However, while 
UV is efficient in inactivating bacteria, there is a risk of bacteria reactivation in the 
distribution system, necessitating the need for secondary chemical disinfection, such as 
lower doses of chlorine. The assumption is that a pre-chlorination UV irradiation process 
results in lowering the necessary chlorine concentration compared to what is used when 
chlorine is a primary disinfectant (Dykstra et al., 2007). Even in point of use/point of 
entry scenarios, in which water is held in storage for up to 24 hours after disinfection, 
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bacteria have the potential to regrow in as little as 8 hours after chemical or UV 
disinfection (Lagntange et al, 2012; Faghihzadeh et al, 2018).  
Despite the benefits of UV disinfection, most irradiation systems are mercury-
based, causing a number of challenges for water treatment. The fragile lamps pose a 
health hazard if broken, which occurs frequently during transportation, operation, and 
replacement (Gray, 2015). They are also prone to biofouling as a result of the high 
temperatures they generate, requiring more maintenance (Wurtle, 2011). This often 
requires the use of highly trained staff and capital equipment, which are not always 
available for small water systems. Moreover, the common low-pressure mercury lamps 
tend to be monochromatic and are limited to fixed wavelength at 254 nm, whereas 
maximum efficiency is reached at around 260 nm (Wurtle, 2011). Between 260-270 nm 
the inactivation of viruses and protozoa is slightly improved (Vilhunen, 2009; Wurtle, 
2011; Gray, 2014). UV-C LED systems are offered in a wide variety of wavelengths, 
including the desired 265 nm wavelength. There are also many significant advantages of 
UV-C LED to mercury UV lamps, including easier disposal (absence of mercury), instant 
on-off that requires no warm-up time, lower power usage, longer life, efficient transfer of 
energy into lights, and pulsing, which could potentially increase energy output (Vilhunen 
et al, 2009; Wertle et al., 2011; Beck et al., 2017). Moreover, UVC-LED efficiency can 
be further enhanced through improved irradiation system designs, allowing for a wider 
range of applications than what it is typical available for mercury lamps (Song et al., 
2016; Wertle et al., 2011).  
However, many of these studies only research the efficacy of UV-LED lamps in 
stand-alone, static experiments, with few studies in the context of a full water treatment 
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system. The goal of this study is to assess the efficacy of UVC-LED as a primary 
disinfectant for point-of-use treatment of effluent water from conventional small water 
systems. It will consider seasonal and temporal stresses on small water systems, and the 
UVC-LED’s ability to manage DBP formation while eliminating harmful bacteria. 
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Summary: High loads of natural organic matter (NOM) during storm water events 
increase levels of toxic byproducts during disinfection, including trihalomethanes 
(THMs) which are formed when NOM is chlorinated. This study explores the efficacy of 
using UVC-LED as a primary disinfectant, with lower concentrations of chlorine used as 
a secondary disinfectant. The stand-alone UV-LED systems achieved a 3-log inactivation 
of Enterobacteria phage MS2. Both treatment trains with conventional chlorination and 
UV with low chlorination reduced total coliforms and E.coli counts to less than 1 cfu/ml. 
THM levels increased by 33% and 7.1% for conventional chlorination and UV with low 
chlorination, respectively. 
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1 Introduction  
Global water resources are under severe stress from over-pumping and 
contamination. Moreover, climate change-induced extreme weather events and 
unpredictable weather patterns will further deplete existing water resources [1]. While 
water shortages from droughts have received a lot of attention, such as Day Zero in South 
Africa, of equal concern is the quality of existing water resources and the means with 
which to treat them. Stormwater runoff from flash floods, which are occurring at 
unprecedented frequencies, can severely contaminate both surface and groundwater 
resources, increasing levels of bacteria, organic and inorganic contaminants, and nutrients 
[2, 3]. Moreover, as in the case of India, thousands of water bodies have become 
cesspools, causing dwindling water stocks to become undrinkable [4].  
Additionally, due to degraded source water quality, carcinogenic byproducts, 
which have to be carefully managed even with relatively pristine source waters, may pose 
a major challenge. While technologies to treat these contaminants exist, they are costly 
and not readily available. Even in industrialized nations such as the United States, tens of 
millions of Americans rely on smaller, conventional water treatment systems that are at 
risk for violating water quality standards, especially for total coliforms and disinfectant 
byproduct production [5].  
Upgrades of drinking water treatment systems are costly, as was the case for a 
conventional treatment system in Eastham, Cape Cod, in which $114.8 million was spent 
for a small town of just 5,000 people [6]. Moreover, the improper application of chemical 
disinfectants can be disastrous. In Flint, Michigan, the change from chlorine to 
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chloramine contributed significantly to the destabilization of lead scaling in old pipes, 
thus poisoning the water supply by causing lead to enter customers’ taps [7].  
The issue becomes more challenging in developing countries, especially in rural, 
decentralized communities, which are not connected to larger, urban municipal water 
supply systems. As a result, more resilient and innovative treatment systems that can 
cost-effectively address a wide range of contaminants are needed, while requiring 
relatively minimal maintenance.  
This study assessed the efficacy of an innovative treatment system that uses 
readily available materials for conventional treatment, such as sand and activated carbon 
for filtration, and an LED-based UVC disinfection system to replace chlorination as a 
primary disinfectant. In comparison to traditional mercury lamps, UVC-LEDs have many 
unique features that improve inactivation efficiency, including multiple wavelengths and 
pulsed illumination [8]. Moreover, UVC-LED efficiency can be further enhanced through 
improved reactor designs, allowing for a wider range of applications than what it is 
typical available for mercury lamps [8]. 
 
 
    Fig. 1. LED disinfection benefits (from Song et al, 2016) 
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Currently, most UV disinfection uses high or low-pressure mercury lamps. They 
require special training, need to be replaced frequently, and pose a severe contamination 
risk if they break [8, 9]. On the other hand, LED-based UVC systems require minimum 
maintenance and have a significantly longer lifespan, making them better suited for 
small, sustainable treatment systems. Moreover, the challenge of disposing spent mercury 
lamps as hazardous waste is removed, since LED systems are mercury free [8]. 
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2 Methods 
 
2.1 Study Site 
 
A non-urban, forested watershed (Cork Brook) in the northern region of the state 
of Rhode Island was selected for this study. The Cork Brook is a significant tributary of 
the Scituate Reservoir, which supplies around 60% of the state’s population with drinking 
water [10]. 
 
2.2 Methods 
 
2.2.1. Bacterial Treatment 
 
Experiments were conducted to determine the efficacy of the UV-LED systems 
for total coliform and E.coli inactivation. Natural water was collected from a local river 
and was filtered through a dual anthracite/sand column to remove turbidity. The effluent 
was then pumped through the UVC-LED system at a flowrate of 12 ml/min. Total 
coliform and E.coli were analyzed in the source water itself prior to filtration, after 
filtration, and after irradiation using the IDEXX Colilert-18 method [11]. 
 
2.2.1. Bench Scale Experiment 
 
A conventional treatment train modelled after a local water treatment utility 
formed the basis our experiments, and included flocculation, coagulation, and 
anthracite/sand filtration. Three benchtop experiments were conducted in parallel: 
1. Conventional treatment with higher-dosed chlorine as primary disinfectant 
(CPD) (2 ± 0.05 mg/l). 
 
2. LED-based, continuous UV as a primary disinfectant and lower-dosed chlorine 
as a secondary disinfectant (UVPD) (0.5 mg/l ± 0.05 mg/l). 
 
3. LED-based, continuous UV as a primary disinfectant with the addition of a 
granular activated carbon (GAC) filter and lower-dosed chlorine as a secondary 
disinfectant (GAC + UVPD) (0.5 ± 0.05 mg/l). 
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The primary differences between the three experiments were in the disinfection 
procedure, as well as the addition of an activated carbon filter in the third treatment train. 
The ferric sulfate flocculent (75 mg/l) and the dual sand/anthracite filter media used in 
the experiment were sourced from a local water utility. 50 grams of utility-grade 
anthracite were packed on top of 25 grams of silica sand in a 16-inch acrylic column. 
Washed gravel was used to contain the filter media. 
 
     Fig. 2. Schematic of treatment trains 
 
A Lovibond Floc Tester ET 750 was used for flocculation and coagulation. 
Through jar tests, the addition of 75 mg/l of ferric sulfate and pH adjustment of 5.6 was 
determined to be the optimal conditions for removing natural organic matter. After pH 
adjustment and the addition of ferric sulfate, raw water samples were flocculated at a 
velocity gradient of 750 sec-1 for 30 minutes. After 30 minutes of settling time, samples 
were coagulated at a velocity gradient of 90 sec-1 for an additional 30 minutes. The 
treated water was then pumped through the anthracite/sand filter at a flow rate of 12 
ml/minute using Teflon tubing. 
Samples were transferred to 950 ml amber jars, in which they were chlorinated 
with a sodium hypochlorite solution. CPD was dosed at 2 mg/l, while both UVPD and 
GAC + UVPD were dosed at 0.5 mg/l. The samples were then incubated at a constant 
temperature for 20°C ± 1°C for 24 hours. 
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Afterwards, samples were transferred to 40 ml amber vials pretreated with sodium 
thiosulfate to neutralize chlorine and were sent to the Department of Civil and 
Environmental Engineering at the University of Massachusetts Amherst for 
trihalomethane analysis. A modified version of the EPA 551.1 method for analyzing 
trihalomethanes was used. Additionally, effluent samples along every step of the 
treatment train were taken and analyzed for DBP precursors, including non-purgable 
organic carbon (NPOC) and UV-254 absorbance, which were determined using the 
combustion oxidation catalytic method and EPA Method 415.3, respectively [10]. NPOC 
was used instead of total organic carbon/dissolved organic carbon since some samples 
had levels of inorganic carbon that would interfere with results [13]. SUVA was derived 
by dividing UV-254 by NPOC. 
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3 Results and Discussion 
3.1 Bacterial Inactivation 
Raw river water had initial concentrations of 35 Cfu/100 ml and 5 Cfu/100 ml for 
total coliforms and E.coli, respectively. After filtration, bacterial concentrations remained 
mostly unchanged, with total coliforms remaining at 35 Cfu/100 ml and E. coli reduced 
to 4 Cfu/100 ml. After both conventional treatment and irradiation by UVC-LED, total 
coliform and E.coli concentrations were reduced <1 Cfu/100 ml, meeting the drinking 
water standards [14]. 
 
 
                Fig. 3. Total coliform and E.coli inactivation using UVC-LED. 
 
3.2 Trihalomethane Formation 
 
There was a background concentration of 5.7 µg/l of total trihalomethanes (TTHMs) in the 
source water, with chloroform being the dominant species. Removal rates for TOC and 
reduction of UV254 absorbance were similar for the two conventional treatment trains. 
TOC decreased by 70%, from an initial concentration of 5.7 mg/l in the raw source water 
to 1.7 mg/l for both the CPD and UVPD treatment trains. Reduction achieved was below 
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the 2 mg/l EPA limit [13]. The addition of the GAC filter to the dual media sand/anthracite 
filter further reduced levels by 93% to 0.93 mg/l. 
 
          Table 1. Results for water treatment trains 
 
 
Although TOC removal rates for CPD and UVPD treatment trains were similar, 
TTHM production was significantly different. The addition of the higher chlorine dose (2 
mg/) in the CPD experiment increased TTHM production to 8.54 µg/l, which was a 33% 
increase from background levels. On the other hand, the lower chlorine dose (0.5 mg/l) for 
UVPD increased TTHM to just 6.13 µg/l, or a 7% increase from background levels. 
Though TOC removal for UVPD with the addition of a GAC filter was higher than just 
UVPD, TTHM production was still very similar at 6.05 µg/l or a 5.8% increase from 
background levels. 
 
 
 
 
 
 
 
15 
 
4 Conclusion 
All treatment trains were effective at inactivating total coliform and E.coli. 
Further studies are needed to investigate a broader spectrum of source water 
compositions. That is, although TTHM formation in this study is relatively low and near 
background levels for all three treatment trains, the removal efficiency may become more 
apparent if raw source water quality is less pristine than in this case study. For example, 
water bodies near urban or agricultural areas, where organic carbon and other nutrient 
loading will be significantly higher due to increased anthropogenic activities, it is likely 
that DBP formation potential will be significantly higher. Therefore, the significance of 
using UVPD and UVPD with a GAC filter may become more apparent in scenarios 
where concentrations of TOC and other DBP precursors are higher in the source water. 
 
 
 
 
 
 
 
 
 
 
 
16 
 
Works Cited 
1) N.W. Arnell, Global Environmanetal Change, Climate change and global water 
resources, 9:S49 (1999) 
 
2) J.M. Basahi, M.H.Z. Masoud, N. Rajmohan, Journal of African Earth Sciences, 
Effect of flash flood on trace metal pollution in the groundwater - Wadi Baysh 
Basin, western Saudi Arabia, 147:338-351 (2018) 
 
3) E. M. Cooney, P. McKinney, R. Sterner, G.E. Small, G, E.C. Minor, Journal of 
Geophysical Research: Biogeosciences, Tale of two storms: Impact of extreme 
rain events on the biogeochemistry of Lake Superior, 123, 1719–1731 (2018) 
 
4) R.K. Sharma, M. Yadav, R. Gupta, Chemistry and Water Chapter Five - Water 
Quality and Sustainability in India: Challenges and Opportunities, 183-205 
(2017) 
 
5) S. J. Rubin, Journal ‐ American Water Works Association, Evaluating violations 
of drinking water regulations, 105: E137-E147 (2013) 
 
6) B. Morris, WCAI, Eastham Gets Municipal Water - Finally (2016) 
 
7) K.J. Pieper, M. Tang, M.A. Edwards, Environmental Science & Technology, 
Flint Water Crisis Caused By Interrupted Corrosion Control: Investigating 
“Ground Zero” Home, 51:4:2007-2014 (2017) 
 
8) K. Song, M. Mohseni, F. Taghipour, Water Research, Application of ultraviolet 
light-emitting diodes (UV-LEDs) for water disinfection: A review, 94:341-349 
(2016) 
 
9) H. Borchers, A. Fuller, J.P. Malley Jr., IUVA News, Assessing the Risk of 
Mercury in Drinking Water after UV Lamp Breaks, Volume 10/NO. 1 (2008) 
 
10) Providence Water, Scituate Reservoir Watershed (2015) 
 
11) D.S. Wang, Y.M. Zhao, M.Q. Yan, C.W.K. Chow, Separation and Purification 
Technology, Removal of DBP precursors in micro-polluted source waters: A 
comparative study on the enhanced coagulation behavior, 118:271-278 (2013) 
 
12) A. The, Methods, 3, Analytical Methods Approved for Compliance Monitoring 
under the Long Term 2 Enhanced Surface Water Treatment Rule, (2008) 
 
13) USEPA, Disinfectants and Disinfection Byproducts Rules (Stage 1 and Stage 2 ), 
(2010) 
 
17 
 
CHAPTER 3 
 
 
Chapter 3 had been prepared for submission to the Journal of Environmental Science for 
publication 
 
Chlorine Disinfection Byproduct Management in Rhode Island Source Waters 
Using LED-Based UVC Disinfection 
 
Hichem Hadjeres, Soni M. Pradhanang, Thomas Boving 
 
Department of Geosciences, University of Rhode Island, Kingston, RI USA 
 
Corresponding Author:  Dr. Soni M. Pradhanang 
     Department of Geosciences 
     University of Rhode Island 
     315, Woodward Hall, 9 East Alumni Avenue 
     Kingston, RI, 02881, USA 
     Phone: +1- 401-874-2265 
     Email: spradhanang@uri.edu  
 
 
 
 
 
 
 
 
 
 
  
18 
 
1. Introduction 
 
Global water resources are under severe stress from over-pumping and 
contamination, while climate change-induced extreme weather events and unpredictable 
weather patterns will further degrade the quality of existing water resources (Arnell, 
1999). Although droughts and floods have received much attention recently, of equal 
concern is the quality of existing water resources and the means with which to treat them. 
Moreover, many drinking water treatment plants were designed with the expectation of 
stationarity, or consistent water quality parameters, such as natural organic matter (NOM) 
loading, and turbidity (Miley et al, 2015). High rates of NOM loading are particularly 
problematic due to their reaction with chlorine during disinfection, forming carcinogenic 
disinfection byproducts (DBPs), such as trihalomethanes (THMs) and haloacetic acids 
(HAAs) (Uyak and Demirbas, 2014).  
The presence of DBPs is a major challenge in drinking water quality treatment, and as 
a result, water managers often face the challenge of eliminating harmful pathogens while 
managing DBP levels (Chowdhury et al., 2011).  First discovered in 1974, the United 
States Environmental Protection Agency currently regulates four trihalomethanes 
(THM4) and five haloacetic acids (HAA5) at maximum contaminant levels (MCLs) of 80 
and 60 g/l, respectively (USEPA, 2018). 
 Although many drinking water reservoirs maintain a relatively consistent level of 
total NOM, composition may change through land use or seasonally as a result of events, 
such as defoliation, snowmelt, low precipitation, etc. (Wei, 2010; Vaughn et al., 2017; 
Cooney, 2018; Zhao, 2018). Consequently, treatment process for NOM removal, such as 
flocculation can be adversely affected by changes in NOM composition, such as an 
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increase in lignin during the fall season or defoliation events caused by pests (Zahrim et 
al., 2015; Wang et al., 2009; Kelly et al, 2018). 
Large municipal systems mitigate these risks through best management practices, 
such as forested buffer zones for source water protection. However, the majority of 
drinking water systems in the U.S. are classified as small water systems, which is defined 
by the EPA as a water system serving 10,000 or fewer customers (USEPA, 2016).  These 
systems usually do not have the resources to take mitigative steps available to large 
municipalities, especially during emergencies. Consequently, most EPA water quality 
violations happen with small systems (Rubin, 2013). The Federal Emergency 
Management Agency (FEMA) has detailed recommendations for disinfecting water 
during emergency situations, such as floods and hurricanes, using household bleach 
(FEMA, 2017). However, these come with risks, as improper handling and storage of 
chlorine can reduce its efficacy in treating bacteria (McLaughlin, 2009). Moreover, there 
is also the risk of increased DBP formation if too much chlorine is added. 
To offset these shortfalls, non-chemical disinfectant point-of-use (POU) treatment 
systems have been considered as an alternative, especially ultraviolet light (UV) which 
has few known toxic byproducts (Chowdhury et al., 2009). UV is effective in inactivating 
microorganisms, including bacteria such as Escherichia coli (E.coli) and chlorine-
resistant protozoa, such as Cryptosporidium and Giardia, by disrupting their RNA or 
DNA, thereby eliminating their ability to reproduce (Bolton and Cotton, 2008). However, 
while UV is efficient in inactivating bacteria, there is a risk of bacterial regrowth in as 
little as eight hours, especially in POU scenarios where water is not immediately 
consumed and can be stored for up to 24 hours (Lantagne et al, 2012; Fagigzahdeh et al, 
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2018). This requires secondary disinfection, often in the form of a smaller concentration 
of chlorine; the assumption is that a pre-chlorination UV irradiation process results in 
lowering the necessary chlorine concentration compared to what is used when chlorine is 
a primary disinfectant (Dykstra et al., 2007).  
Despite the benefits of UV disinfection, most irradiation systems are mercury-
based, causing a number of challenges for water treatment. The fragile lamps pose a 
health hazard if broken, which occurs frequently during transportation, operation, and 
replacement (Gray, 2014). They are also prone to biofouling as a result of the high 
temperatures they generate, requiring more maintenance (Wurtle, 2011). Consequently, 
specialized training in lamp operation and replacement is sometimes required, which is 
not ideal in an emergency situation. Moreover, the common low-pressure mercury lamps 
tend to be monochromatic and are limited to fixed wavelength at 254 nm, whereas 
maximum efficiency is reached at around 260 nm (Wurtle, 2011). Between 260-270 nm 
the inactivation of viruses and protozoa is slightly improved (Vilhunen, 2009; Wurtle, 
2011; Gray, 2014). UV-C systems based on light emitting diodes (LED) are offered in a 
wide variety of wavelengths, including the desired 265 nm wavelength. There are also 
many significant advantages of UV-C LED to mercury UV lamps, including easier 
disposal (absence of mercury), instant on-off that requires no warm-up time, lower power 
usage, longer life, efficient transfer of energy into lights, and pulsing, which could 
potentially increase energy output (Vilhunen et al, 2009; Wertle et al., 2011; Beck et al., 
2017). Moreover, UV-C LED efficiency can be further enhanced through improved 
reactor designs, allowing for a wider range of applications than what it is typical 
available for mercury lamps (Song et al., 2016; Wertle et al., 2011).  
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However, many of these studies only research the efficacy of UV-C LED lamps in 
stand-alone, static experiments, with few studies in the context of a POU system. The 
goal of this study is to assess the efficacy of UV-C LED as a primary disinfectant for 
point-of-use treatment of effluent water from conventional small water systems during 
emergencies, where violations are likely to occur. It will consider seasonal and temporal 
stresses on small water systems and the UV-C LED’s ability to manage DBP formation 
while eliminating harmful bacteria. It is hypothesized that using UV-C LED as a primary 
disinfectant with a smaller concentration of chlorine will be as effective for bacterial 
inactivation as chlorine as a primary disinfectant. It is also expected that the UV-C LED 
treatment train will produce fewer disinfection byproducts overall than chlorine as a 
primary disinfectant. To test this hypothesis, disinfection byproducts (THMs and HAAs) 
and bacteria from the treated water using both disinfection methods will be compared. 
Temporal and spatial variables will also be factored to test this hypothesis under different 
scenarios.  
2. Materials and Methods 
2.1. Description of Study Sites 
Seasonal effects and land use/land cover (LULC) play critical roles in the loading 
of natural organic matter, including the presence of humic and tannic acids, and other 
DBP precursors due to a combination of factors including snow melt, rainstorms, and fall 
foliage (Vaughn et al., 2017). Samples were collected during high-flow events during the 
summer (June-July-August) and fall (October-November) to factor temporal variations in 
NOM characteristics. Samples were also collected during storm events to simulate 
  
22 
 
emergency scenarios in which raw source water will have elevated TOC levels, bacteria, 
turbidity, and other disinfection byproduct precursors (Mallin et al, 2009). 
                               
                       Figure 1. Sampling sites (A = Cork Brook; B = Maidford River;  
        C = Bailey Brook (Source: RIGIS). 
 
LULC and watershed management also affects how much storm water runoff 
enters waterways, thus causing considerable variations in rates of loading, affecting 
source water quality and treatment processes (Singer et al, 2006). Samples were collected 
from Cork Brook, Baiely Brook, and the Maidford River (Figure 1). Cork Brook is an 
influent stream feeding into the Providence Water Supply’s reservoir in Scituate, Rhode 
Island, characterized by a 13,000-acre, forested buffer zone. Bailey Brook and Maidford 
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River, which are major influent streams in Newport Water Supply’s main reservoir in 
Newport, RI, are characterized as coastal urban and agricultural watersheds, respectively.  
Table 1. Watershed land use in Scituate Reservoir and Newport Reservoir (Addy et al, 2009) 
Site Name Land Use Type 
A Cork Brook 79% Forested 
B Bailey Brook 43% Agricultural 
C Maidford River 67% Urban 
 
 While the sites have different land uses, there are multiple pathways for 
allochthonous terrestrial plant matter to enter the urban and agricultural watersheds, 
especially further upstream. Moreover, there is significant forest cover at the sampling 
sites of both the urban and agricultural watersheds. It is expected, however, that rates of 
NOM loading will vary throughout the watersheds due to varying impervious land cover 
and infiltration capacity (Zhou et al, 2010). Additionally, all three sites are characterized 
by post-glacial landscapes common in New England (Stone et al, 1986).  
Samples were collected during storm evens in early August as part of the summer 
sampling (precipitation > 0.5 inches ) and early November for the fall sampling (average 
precipitation > 1 inch) (NOAA National Centers for Environmental Information). Fall 
samples were collected during a period of major leaf-off following the late October peak 
fall foliage in Rhode Island (Zielinski et al, 2005). 
2.2. Experimental Method 
Benchtop experiments were run to simulate an operational treatment plant largely 
modeled after the Providence Water Supply (PWS)’s conventional drinking water 
treatment plant (Scituate, Rhode Island). The treatments included flocculation, 
coagulation, and anthracite/sand filtration.  
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1. Conventional treatment with chlorine (Cl2) as primary disinfectant (2.0 +/- 0.05 
mg/l) (CPD). 
 
2. LED-based, continuous UV as a primary disinfectant and lower chlorine as a 
secondary disinfectant (0.5 mg/l +/- 0.05 mg/l) (UVPD) 
 
LED-based, continuous UV as a primary disinfectant and higher dosed chlorine as 
a control (2 +/- 0.05 mg/l) (UV-CPD) 
 
All three treatment trains were identical except for the use of either chlorine or UV-C 
LED as a primary disinfectant. The UV-C LED system consisted of a conical Teflon 
chamber with a volume of 0.25 liters. It was positioned vertically, with water being 
pumped upwards through the inlet at the base of the chamber. The outlet was located at 
the top of the unit, ensuring laminar flow. A single 265 nm UV-C LED lamp was placed 
in an insert in the inner shell and was focused near the outlet to ensure water was 
irradiated before exiting the chamber.   
 
 
 
 
 
Figure 2. UV-C LED Schematic 
The industrial grade ferric sulfate (Fe2(SO4)3) flocculant and the dual 
sand/anthracite filter media used in the experiment were all sourced from Providence 
Water Supply and used as received. 50 grams of utility-grade anthracite were packed on 
top of 25 grams of silica sand in a 16” (H) x 2” (W) acrylic column (Figure 3). In order to 
reduce DBP formation, pre-chlorination before filtration was avoided. Non-experimental 
raw water from all three sites was pumped through the filter to develop a biofilter over 
Outlet 
Inlet 
Flow Direction Irradiation Chamber 
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the course of two months, which is known be more effective than a non-biofilter in 
removing microorganisms (Chaudhary, 2003). Washed gravel was used to contain the 
filter media. Water was pumped from the flocculator to the filter and UV-C LED system 
using PTFE tubing (1/16” diameter) and a peristaltic pump (Fisherbrand™Variable-Flow 
Peristaltic Pump) at a flow rate of 25 ml/minute. Experiments were run at room 
temperature 23  2C (Vilhunen et al, 2009). Every treatment experiment was repeated 
three times consecutively. Samples were kept in refrigerated storage at 4C until 
processing.  
All glassware, including for THM and HAA analysis, as well as chlorination, 
were soaked for 24 hours in a soap bath, rinsed three times with deionized water, and 
then placed in acid bath (5% sulfuric acid) for an additional 24 hours. Glassware was then 
rinsed again three times with deionized water and heated for at least 12 hours at 300C. 
2.2.1. NOM Removal 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Schematic of treatment train. 
 
2 mg/l Cl
2
 0.5 mg/l Cl
2
 2 mg/l Cl
2
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Raw water samples were collected in 7-gallon jerry cans and stored in a 
refrigerator at 4C. Two samples were then transferred to three 2-liter flocculation jars, 
which were placed in Lovibond ® ET 750, 6 Station Laboratory Floc Tester. Ferric 
sulfate (Fe2(SO4)3) was used as a flocculant due to its known effectiveness in separating 
organic matter (Aguilar, 2003). A total of 50 mg of ferric sulfate was added to each of the 
2-liter jars, resulting in a concentration of 25 mg/l. The pH was adjusted to 5.6 for 
optimal use of the flocculent, using either 1M of reagent grade sodium hydroxide or 
sulfuric acid, depending on the waters’ initial pH (Abdessemed, 2000). Samples were 
mixed rapidly at a velocity gradient of 750 m/s for 10 minutes and allowed to settle for 
30 minutes. Water samples were then flocculated at a velocity gradient of 90 m/s for 30 
minutes and settled for at least one hour before filtration. After settling, the water was 
pumped through a dual media sand/anthracite biofilter using a peristaltic pump at a 
flowrate of 25 ml/minute. The system was purged with one liter of deionized after each 
sample run. Samples were not collected post-filtration until the biofilter was purged with 
an additional 500 ml of sample water that had been flocculated and coagulated. 
2.2.2. Disinfection 
After filtration, water for the CPD train was transferred directly to a 950 ml amber 
glass jar for chlorination. For the UVPD and UV-CPD treatment trains, water was 
pumped through the UV-C LED chamber (residence time of 8 minutes) before being 
transferred to the amber jars for disinfection. Concentrations of 2 mg/l of chlorine, typical 
for point-of-use disinfection in non-turbid waters, were added to the CPD and UV-CPD 
treatment trains (Lantagne, 2012). A concentration of 0.5 mg/l of chlorine was added to 
the UVPD treatment train. At that chlorine concentration, UV irradiation was found 
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effective for inactivating bacteria while limiting DBP formation (Dykstra, 2007). A pH of 
approximately 6 was maintained during disinfection using 1 M of sodium hydroxide or 
sulfuric acid as needed (Cowman and Singer, 1996). After the addition of chlorine, 
samples were incubated at a temperature of 20°C +/- 1°C for 24 hours, a typical storage 
time for POU/POE scenarios (Lantagne, 2012). All samples were disinfected within three 
hours of each other. Samples were not collected from the UV-C LED chamber until it 
was purged with 500 ml of coagulated/flocculated and filtered sample water.  
At the end of the 24 hours, samples were collected for E.coli, THM, and HAA 
analysis. THM and HAA samples were transferred to 40 ml amber volatile organic 
analysis (VOA) vials. The VOA vials were pretreated with to quench the samples with 3 
mg of sodium thiosulfate for THM analysis and 6 mg of ammonium chloride for HAA 
analysis.  
2.3. Analytical Procedures 
Natural organic matter concentrations, including total organic carbon and 
dissolved organic carbon, were determined using the combustion catalytic oxidation 
method (Shimadzu TOC-L Analyzer). Raw water samples were tested for dissolved 
organic carbon (DOC), and were filtered using a 0.45 m filter prior to analysis. Due to 
instrument limitations, total organic carbon (TOC) was not measured for raw water 
samples. However, TOC measurement were taken for samples after pre-disinfection 
treatment (coagulation, flocculation, and filtration). Samples for UV254 absorbance were 
also filtered with a 45 m filter and were determined using EPA Method 415.3 
(Shimadzu UV-2600 UV-Vis Spectrophotometer). Additionally, raw water samples were 
scanned from 600 nm to 190 nm to identify additional peaks and changes in intensity. 
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 Turbidity tests were conducted using EPA Method 180.1 (Hach 2100 N Turbidity 
Meter). Bacteria were analyzed using the EPA-approved, IDEXX 18-hour Colilert 
method E.coli and total coliforms; duplicate samples were collected for raw water 
(USEPA, 2003). Specific UV absorbance (SUVA) was determined by dividing UV 254 
absorbance by DOC. Trihalomethanes and haloacetic acids were determined using 
modified versions of EPA Method 551.1 and 552.2, respectively (Appendix D). 
Duplicate THM and HAA samples were collected for each run, resulting in six readings 
for each site per season. 
Percent hydrophobicity was determined using a model developed by Weishaar et 
al (2003) using the equation: 
y = 6.52x + 3.63 
where y = percent aromaticity and x = SUVA254 (Appendix E). The model was 
determined using 
13
C NMR measurements of water samples collected from diverse 
surface water environments and correlated with their respective SUVA254 values; a strong 
correlation (R
2
 = 0.97) was found between high SUVA254 high 
13C NMR values, which 
indicate aromatic content (Weishaar et al, 2003). However, it must be noted that while 
the correlation is significant, percent aromaticity can only be approximated using this 
model. 
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Table 2. Analytical methods and instrumentation 
Analysis Instrument Method and Reference 
UV-254 Shimadzu UV-2600 UV-
Vis Spectrophotometer 
EPA Method 415.3 
TOC/DOC Shimadzu TOC-L Analyzer Combustion Catalytic Oxidation Method 
Trihalomethanes 
(THM) 
Shimadzu GCMS-QP2010 EPA Method 551.1/UMASS Amherst Protocol 
Haloacetic Acids 
(HAA) 
Shimadzu GCMS-QP2010 EPA Method 552.2/UMASS Amherst Protocol 
Turbidity Hach 2100 N Turbidity 
meter, 
US EPA Method 180.1 
E.coli/Total 
Coliform 
 
Scanning UV-Vis 
Spectrophotometry 
IDEXX Corporation 
Colilert 
 
Shimadzu UV-2600 UV-
Vis Spectrophotometer 
18/Quanti Tray Method 
 
Wang et al (2001) 
 
Nine standard HAA analytes containing chlorine and bromine were measured 
using the modified EPA Method 552.2. They were classified by the type of halogen 
substitutions (bromine and chlorine) and number of halogen substitutions (mono-, di- or 
tri-haloacetic acids). These classifications are important for understanding the type of 
DBPs as well as their unique formation pathways due to their different formation 
pathways when reacting with chlorine (Hua and Reckhow, 2012; Obolensky and Singer, 
2005; Hua and Reckhow, 2008). 
Table 3. Classification of HAA by number of halogen substitutions 
Trihaloacetic Acid (THAA) Dihaloacetic Acids (DHAA) Monobromoacetic Acid (MHAA) 
Trichloroacetic Acid Dichloroacetic Acid Monochloroacetic Acid 
Bromodichloroacetic Acid Bromochloroacetic Acid Monobromoacetic Acid 
Chlorodibromoacetic Acid Dibromoacetic Acids  
Tribromoacetic Acid   
 
Table 4. Classification of HAA by type of halogen substitution. 
Brominated Chlorinated 
Bromochloroacetic Acid Dichloroacetic Acid 
Bromodichloroacetic Acid Trichloroacetic Acid 
Chlorodibromoacetic Acid Monochloroacetic Acid 
Tribromoacetic Acid  
Dibromoacetic Acids  
Monobromoacetic acid  
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Additionally, four standard THM analytes were measured using EPA Method 
551.1 and were also classified as chlorinated or brominated. 
Table 5. Classification of THM by type of halogen substitution. 
Chlorinated Brominated 
Chloroform Bromodichloromethane 
 Chlorodibromomethane 
 Bromoform 
 
2.4. Statistical Analysis 
To evaluate statistically possible effects of seasonal and spatial variabilities in the 
source water composition and their effects on DBP formation, THM and HAA 
compounds were analyzed as totals and by the type and number of halogen substitutions 
(THAA, HAA, brominated, chlorinated, etc.).   
Two-way analysis of variance (ANOVA) were primarily used to test for the significance 
(p < 0.05) of the relationships between total THMs and total HAAs (response variables) 
and season, site, treatment type, DOC, and SUVA254 values (independent/factor 
variables) (Equation 1). Further two-way analysis of variance tests were conducted to 
assess the significance between turbidity and TOC removal efficiencies and season and 
site. 
y ij = µ + τ i + λj + (τλ )ij + ε ij  
µ = the grand mean,  
τi and λj = main effects of rows and columns, 
 (τλ)ij = interaction effect  
Equation 1. Two-way analysis of variance 
Multivariate analysis of variance (MANOVA) tests were used to analyze the significance 
(p < 0.05) of season and site had on the formation of THM and HAA by number and type 
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of halogenated substitutions. Interaction effects were also considered to clarify the 
combined effects that season and site had on DBP formation. 
3. Results  
3.1. Raw Water Characteristics 
Table 6. Raw water characteristics 
Raw Water Characteristics 
Season 
Sample 
Location 
DOC  
(mg/l) 
UV254 
SUVA254 
L/mg/m 
Aromaticity 
(%) 
Turbidity 
(NTUs) 
E. Coli 
(MPN/100ml) 
Summer 
Cork Brook 
(Forested) 
34 0.12 0.34 4 4 112 
Maidford 
River 
(Agricultural) 
24 0.12 0.49 2 2 643 
Bailey Brook 
(Urban) 
20 0.06 0.31 3 3 878 
Fall 
Cork Brook 
(Forested) 
18 0.72 4.07 8 8 310 
Maidford 
River 
(Agricultural) 
20 0.69 3.43 52 52 4526 
Bailey Brook 
(Urban) 
17 0.58 3.42 16 16 432 
 
Raw water samples in the summer were characterized by low turbidity, low 
SUVA254 values, and low E. coli levels (Tab.5). Fall samples had higher measurements 
for turbidity and E. coli.  
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            Figure 4. Raw water bacteria concentration in summer and fall for combined sites. 
 
Moreover, SUVA254 values were nearly an order of magnitude higher in the fall 
than in the summer. However, summer raw water samples had higher DOC 
concentrations than fall samples. Summer Cork Brook had the highest concentration at 
34.22 mg/l, roughly double what was recorded during the fall at 17.62 mg/l. Summer 
samples for Bailey Brook and the Maidford River were an average of 3 mg/l higher than 
their respective fall samples. Measured UV254 absorbance and, by extension SUVA254, 
were much higher during the fall, with an average UV254 absorbance of 0.66 cm
-1 for the 
fall compared with 0.09 cm-1 for the summer. Cork Brook and Maidford River had 
similar UV254 measurements in both seasons, while Bailey Brook had the lowest in both 
seasons. SUVA254 values followed similar trends. Fall samples averaged at 3.63 L/mg/m, 
nearly an order of magnitude higher than the summer samples, which averaged at 0.38 
L/mg/m.  
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              Figure 5. Average raw water SUVA values in summer and fall for combined sites. 
 
As summarized in Table 6, turbidity was also much higher in summer than the 
fall, with an average of 25.08 NTUs compared to 3.15 NTUs for the summer. E. coli 
levels increased by 177% from summer to fall for Cork Brook, 604% for Maidford River, 
and 392% for Bailey Brook. Additionally, the UV-VIS spectra of raw water samples in 
the 600 nm – 190 nm range were similar for all sites and seasons (Appendix C). 
Moreover, the highest absorbance for each sample was from the 400 nm – 200 nm range, 
suggesting that natural organic matter was primarily composed of humic acids (Wang et 
al, 2001). The similar spectra do not suggest that NOM composition was similar for all 
the samples. However, the varying areas under the spectra suggest variable 
concentrations of NOM in each sample (Wang et al, 2001). This is consistent with the 
DOC measurements for each sample.  
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3.2. Treatment: TOC Removal 
 
All samples were pretreated for TOC removal before disinfection using the same 
conventional techniques of flocculation/coagulation with ferric sulfate at pH 5.6 and 
filtration with dual anthracite and sand media. Due to instrument limitations, TOC was 
not measured for raw water samples. 
        Table 7. TOC (mg/l) and turbidity (NTU) removal efficiencies  
Treatment Efficiency 
Parameter Season Site 
Raw 
Water 
Filtered Water 
Irradiated 
Water 
TOC 
FA Cork *17.6 12.3 12.3 
FA Maidford *20.3 12.1 11.8 
FA Bailey *17.1 10.4 10.8 
SM Cork *34.2 1.9 1.8 
SM Maidford *24.0 1.8 1.8 
SM Bailey *20.0 1.6 1.6 
Turbidity 
FA Cork 7.6 6.7 6.7 
FA Maidford 51.7 21.6 20.7 
FA Bailey 20.0 11.6 10.0 
SM Cork 4.2 0.10 0.16 
SM Maidford 2.0 0.10 0.10 
SM Bailey 3.3 0.07 0.09 
*Due to instrument limitations, TOC was not measured. Values displayed are DOC, and thus are 
conservative estimates of actual TOC values. 
 
Since TOC is the sum of DOC and particulate organic carbon (POC), the true 
value of raw water TOC is expected to be higher than reported DOC values. Therefore, 
TOC reductions from raw water to post-filtered effluent are conservative. Treatment 
varied by summer and fall seasons. Overall, treated summer samples achieved EPA 
drinking water standards for turbidity TOC, and E. coli, while treated fall samples failed 
to achieve the required standards. 
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     Figure 6. Summer TOC removal for combined sites. 
 
     Figure 7. Fall TOC removal for combined sites. 
 
Two-way ANOVA analysis tested for significance of between treatment and 
seasonal and temporal variation. Spatial variation across the three watersheds (Maidford 
River, Cork Brook, and Bailey Brook) was found to not be significant (p > 0.05), while 
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temporal variation (summer and fall) was found to be significantly related with treatment 
efficacy (p < 0.05). As a result, treatment data for all three sites were grouped together 
and categorized by season, which was found to be the significant variable.  
For summer samples, influent TOC for at all three sites ranged from 19.99 mg/l to 
34.23 mg/l (Fig. 4). After conventional treatment (flocculation plus sand/anthracite 
filtration), TOC concentrations were reduced to below the EPA limit of 2 mg/l required 
before disinfection (USEPA, 2017) for all three sites. The addition of UV treatment had 
no effect on either TOC reduction or turbidity removal. Influent turbidity for the three 
sites ranged from 2.02 NTUs to 4.17 NTUs. Final turbidities were below the EPA limit of 
1 NTU (USEPA, 2017).  
 
     Figure 8. Summer turbidity removal for combined sites. 
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  Figure 9. Fall turbidity removal for combined sites. 
 
Treated fall samples had a very different outcome (Figure 4). The conventional 
treatment process was only able to achieve reductions of 17.62 mg/l to 12.34 mg/l for 
Cork Brook, 20.25 mg/l to 12.06 mg/l the Maidford River, and 17.09 mg/l to 10.82 mg/l 
for Bailey Brook. Similar results were observed for turbidity. The treatment process 
achieved reductions of 7.62 to 6.65 NTUs for Cork Brook, 51.66 to 21.63 NTUs for the 
Maidford River, and 15.95 to 11.62 NTUs for Bailey Brook. Consequently, the EPA limit 
of > 0.3 NTUs was not achieved.  
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3.2. Treatment: Bacteria Disinfection 
Table 8. E. coli reduction by treatment train. *Decay was not measured 
E. coli Reduction by Treatment Train (MPN/100 ml) 
Season Site Raw Post Filter Post UVC UVPD UV-CPD CPD 
Summer Cork Brook 112 18 < 1 < 1 < 1 < 1 
Maidford 
River 
643 78 < 1 < 1 < 1 < 1 
Bailey Brook 878 288 < 1 < 1 < 1 < 1 
Fall Cork Brook 310 222 68 < 1 < 1 < 1 
Maidford 
River 
4526 941 487 3 < 1 < 1 
Bailey Brook 4328 804 183 5 < 1 < 1 
 
Compared to Cork Brook, raw water bacteria were higher for Bailey Brook and 
Maidford River for both seasons (Table 7). These sample locations are located in urban 
and agricultural watersheds, respectively, whereas Cork Brook is a forested watershed. The 
results indicate that coagulation/ flocculation and filtration processes were effective in 
removing a large amount of the influent bacteria for both summer and fall samples, 
independent of sample location. Prior to disinfection, bacteria were reduced by 67% 
(Bailey Brook) to 84% (Cork Brook) summer samples. For the fall sample, bacteria levels 
were reduced to 28% for Cork Brook prior to disinfection, 79% for Maidford River, and 
81% for Bailey Brook. Though large amounts of bacteria were removed, a full log 
reduction was not achieved for any of the summer and fall samples through the 
coagulation/flocculation and filtration process alone. Disinfection with UV or chlorine, or 
a combination of the two, was required to achieve the required log inactivation (Table 7).  
During the summer sampling, UVC irradiation without the addition 0.5 mg/l of 
chlorine was sufficient to inactivate E. coli post-filtration to the required EPA standard of 
<1 MPN/100 ml. A one log-reduction was achieved for Cork Brook and Maidford River 
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samples, and two log-reduction was achieved for Bailey Brook with UV-C LED 
treatment. The use of chlorine as a primary disinfectant was also sufficient for achieving 
the required reductions. During the fall, only the CPD and UV-CPD treatment trains, 
which used 2 mg/l of chlorine, achieved the required disinfection standards. UVPD with 
a chlorine dose of 0.5 mg/l was only able to achieve <1 MPN/100 ml limit for the Cork 
Brook sample, in which influent bacteria was an order of magnitude lower. 
For fall E.coli results, UVC irradiation of post-filtration samples removed 
between 48% (Maidford River) and 77% (Bailey Brook). Unlike the summer sample, no 
log reductions were achieved and the residual E. coli levels were still far above required 
EPA standards e.g. up to 487.2 MPN/100 ml for Maidford River (Table 7).  
3.3. Disinfection Byproduct Formation 
3.3.1. Average DBP Formation 
 
 
 
            Figure 10. Total THM concentrations and SUVA254 for combined sites. 
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          Figure 11. Total THM concentrations and SUVA254 for combined sites. 
 
DBP values were plotted with respect to SUVA254, a key predictor in DBP 
formation potential (Hua and Reckhow, 2008). SUVA254 measurements were clustered 
together at 0.3 L/mg/m and 0.5 L/mg/m for summer sampling, and 3.5 and 4.0 L/mg/m 
for the fall. Overall, there was an order of magnitude difference in SUVA254 
measurements from summer to fall. However, SUVA254 values were similar by site in 
each season. Based on Weishaar’s model for hydrophobicity, summer samples had an 
average of 6% and 34% hydrophobicity, respectively. Moreover, summer SUVA254 
values were below 2 L/mg/m and considered hydrophilic, whereas fall values were 
greater than 2 L/mg/m contained a mixture of humic hydrophobic matter and non-humic 
hydrophilic matter, which has higher chlorine demand and DBP formation potential 
(USEPA, 2012).   
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                    Table 9. HAA Formation by treatment method, site and season 
HAA Formation 
Treatment Season Site Total (g/l) 
UVPD 
FA Cork 19.57 
FA Maidford 11.81 
FA Bailey 14.61 
SM Cork 11.69 
SM Maidford 18.65 
SM Bailey 10.49 
CPD 
FA Cork 59.25 
FA Maidford 58.02 
FA Bailey 66.26 
SM Cork 27.32 
SM Maidford 24.28 
SM Bailey 20.88 
UVCPD 
FA Cork 56.27 
FA Maidford 62.80 
FA Bailey 68.05 
SM Cork 27.33 
SM Maidford 18.03 
SM Bailey 19.76 
 
 
Average HAA concentrations during the summer did not exceed the EPA MCL of 
60 g/l for all treatment trains for all three sites. UVPD formed 13.6 g/l, CPD formed 
24.2 g/l, and UV-CPD formed 21.7 g/l. HAA formation during the fall was much 
higher for the CPD and UV-CPD treatment trains, with average HAA concentrations at 
61.2 (153% increase) and 62.4 g/l (187% increase), respectively. Fall UVPD HAA 
formation was similar to summer UVPD formation, and increased by only 1.7 g/l to 
15.3 g/l.  
There was a statistically significant relationship between average HAA formation 
and season (p < 0.05), but not site. This can be seen in Figure 1, which displays HAA 
concentrations with respect to SUVA254. The major differences in HAA formation are 
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reflected in seasonal differences, represented by the two clusters of SUVA254 values (i.e. 
low SUVA254 values for summer and high SUVA254 for the fall). It is also reflected in the 
percent increases of HAA for the treatment trains where a nearly three-fold increase from 
summer to fall for the CPD and UV-CPD treatment trains was observed. This resulted in 
samples either reaching or exceeding the HAA MCL set by the EPA at 60 g/l. 
      Table 10. THM Formation by treatment method, site and season. 
THM Formation 
Treatment Season Site Total 
UVPD 
FA Cork 0.57 
FA Maidford 0.70 
FA Bailey 1.00 
SM Cork 4.90 
SM Maidford 8.36 
SM Bailey 7.77 
CPD 
FA Cork 5.27 
FA Maidford 7.13 
FA Bailey 11.17 
SM Cork 15.48 
SM Maidford 20.32 
SM Baiely 20.66 
UV-CPD 
FA Cork 5.17 
FA Maidford 7.87 
FA Bailey 10.33 
SM Cork 14.03 
SM Maidford 20.33 
SM Bailey 21.91 
 
Average THM concentrations during both the summer and fall did not exceed the 
EPA MCL of 80 g/l for all treatment trains. For the summer, UVPD formed 7.01 g/l, 
CPD formed 18.82 g/l, and UV-CPD formed 18.76 g/l. Formation decreased during 
the fall i.e., UVPD decreased by 89% , CPD by 58%, and UV-CPD by 58%.  
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There was no statistically significant relationship between average THM 
formation and season or site (p>0.05) This can be seen in Figure 2, which display THM 
concentrations with respect to SUVA254. Similar to the HAA graph, THM formation 
formed seasonal clusters characterized by SUVA254. However, unlike HAAs, summer 
THMs exceed fall samples by no more than 10 g/l and are far below the 80 g/l EPA 
MCL. 
Total HAAs and THMs were further categorized by brominated and chlorinated 
compounds and, in the case of HAA, into di-haloacetic acids (DHAA), and tri-haloacetic 
acids (THAA).  
      Table 11. HAA formation by compound. 
HAA Formation by Compound 
Treatment Season Site DHAA THAA MHAA 
UVPD 
Fall Cork 5.76 11.33 2.47 
Fall Maidford 5.69 5.39 0.74 
Fall Bailey 7.83 5.04 1.74 
Summer Cork 5.24 4.99 1.46 
Summer Maidford 10.25 7.40 1.00 
Summer Bailey 5.74 3.64 1.11 
CPD 
Fall Cork 39.52 11.72 8.01 
Fall Maidford 39.24 14.44 4.34 
Fall Bailey 43.37 18.91 3.99 
Summer Cork 11.52 14.47 1.32 
Summer Maidford 13.02 10.10 1.16 
Summer Bailey 11.77 8.21 0.90 
UV-CPD 
Fall Cork 38.46 12.98 4.83 
Fall Maidford 44.03 13.97 4.80 
Fall Bailey 46.51 17.21 4.33 
Summer Cork 11.39 14.31 1.63 
Summer Maidford 13.60 9.13 0.96 
Summer Bailey 11.03 7.82 0.92 
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The distribution of different types of brominated and chlorinated species varied 
significantly by season and site (p < 0.05). The availability of individual THM and HAA 
compounds (brominated, non-brominated, trihalogenated, etc.) was significantly affected 
by site, season, and treatment method (p < 0.05). DHAA accounted for the majority of 
HAAs formed in all treatment trains during the fall (60%) and summer (45%) seasons for 
all three sites. There were only a few cases in which THAA exceeded DHAA formation, 
including for Cork Brook samples for the summer CPD and UV-CPD treatment train and 
UVPD fall treatment train. However, DHAAs formed over 60% of total HAAs for all 
other fall samples 
 
Figure 12. Total HAA by disinfection method. 
 
 There was also a significant variation in brominated compounds with respect to 
site and season (p < 0.05). The summer was dominated by brominated compounds for 
both THMs and HAAs. Additionally, there was a higher relative distribution of these 
compounds in the CPD and UV-CPD treatment trains for the urban dominated Bailey 
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Brook and agriculture dominated Maidford River when compared to Cork Brook inland. 
The distribution changed significantly during the fall, during which non-brominated 
compounds, such as chloroform, were the most prevalent.  
      Table 12. Brominated HAA formation. 
HAA Formation 
Treatment Season Site Cl Br 
UVPD 
Fall Cork 8.48 11.09 
Fall Maidford 6.57 5.24 
Fall Bailey 9.72 4.89 
Summer Cork 4.31 7.37 
Summer Maidford 6.53 12.12 
Summer Bailey 1.06 9.44 
CPD 
Fall Cork 54.76 4.49 
Fall Maidford 50.00 8.02 
Fall Bailey 58.54 7.72 
Summer Cork 18.16 9.16 
Summer Maidford 8.81 15.47 
Summer Bailey 5.71 15.18 
UVCPD 
Fall Cork 49.98 6.28 
Fall Maidford 55.41 7.39 
Fall Bailey 61.50 6.54 
Summer Cork 17.42 9.91 
Summer Maidford 3.94 14.10 
Summer Bailey 5.61 14.15 
 
For the summer UVPD treatment, brominated compounds constituted 63%, 65%, 
and 86% of total HAAs for Cork Brook, Maidford River, and Bailey Brook, respectively, 
and decreased to 57%, 44%, and 33% for the same locations in fall. The fall for 
brominated HAAs for CPD and UV-CPD treatment was much lower i.e., CPD 8% and 
UV-CPD 14% for Cork Brook, 14% and 12% for Maidford River, and 12% and 10% for 
Bailey Brook.  
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                      Table 13. Brominated THM formation. 
THM Formation by Compound (g/l) 
Treatment Season Site Brominated Chlorinated 
UVPD 
FA Cork 0.00 0.57 
FA Maidford 0.00 0.70 
FA Bailey 0.00 1.00 
SM Cork 2.34 2.56 
SM Maidford 6.48 1.88 
SM Bailey 6.42 1.35 
CPD 
FA Cork 0.27 5.00 
FA Maidford 1.00 6.13 
FA Bailey 1.30 9.87 
SM Cork 6.88 8.60 
SM Maidford 16.15 4.17 
SM Bailey 17.67 2.99 
UV-CPD 
FA Cork 0.30 4.83 
FA Maidford 3.43 1.10 
FA Bailey 1.20 9.13 
SM Cork 6.52 7.51 
SM Maidford 16.14 4.18 
SM Bailey 18.84 3.07 
 
For THM formation, percentages for the UVPD treatment train during the 
summer were 51%, 67%, and 72% for Cork Brook, Maidford River, and Bailey Brook, 
respectively. Brominated THMs for both CPD and UV-CPD were similar for their 
respective sites and constituted 46% and 50% of total THMs for forested, 83% and 78% 
for agricultural, and 87% and 86% for urban watersheds. Non-brominated THMs 
dominated in the fall. For the UVPD treatment train, only chloroform was detected. For 
CPD and UV-CPD, chloroform made up between 88% and 95% of total THMs for all 
sites. Similar to the HAA analysis, the coastal agriculture-dominated Maidford River and 
urban-dominated Bailey Brook watersheds had slightly more brominated DBPs than the 
inland forested Cork Brook watershed. 
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         Figure 13. Total THM formation by disinfection method. UV-CPD and UV-CPD have higher  
         formation than UVPD 
 
4. Discussion 
4.1. Treatment: TOC Removal 
The conventional TOC removal process (ferric sulfate for 
coagulation/flocculation and dual media sand/anthracite filtration) was successful in 
treating summer samples, resulting in compliance with EPA Surface Water Treatment 
rules for turbidity and TOC. However, the treatment process was not effective in 
removing turbidity and TOC for fall samples. The limitations cannot be explained by the 
high DOC alone, since raw water summer samples had concentrations greater than fall 
samples. These results are supported by ANOVA tests that showed that there was a 
significant relationship between removal efficiencies and season (p < 0.05). This may be 
likely due to the order of magnitude difference in UV254 and SUVA254 values between 
the two seasons.  
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Since samples were collected during a period of major leaf-off following the late 
October peak fall foliage in Rhode Island, plant detritus accumulated on the topsoil 
surface surrounding the rivers for the three sites (Zielinski et al, 2005). It is likely that 
overland flow at the time of sampling mobilized the plant detritus that accumulated on 
the surface into the streams, leading to inputs of plant material. As a result, many of the 
compounds that form plant matter, including lignin, a complex, hydrophobic polymer and 
the second most abundant compound in terrestrial plants after cellulose, may have 
entered the waterways of the three sampling sites, affecting NOM composition (Haider et 
al, 2005; Horwath et al, 2015). This is supported by the high raw water SUVA values, 
which indicate the presence of hydrophobic natural organic matter rich in aromatic 
content common in lignin (Weishar et al, 2003; Liang et al, 2003; Haider et al, 2005; 
Horwath et al, 2015). 
These observations are consistent with previous studies on terrestrial DOC inputs 
during late fall, which show that runoff mobilizes aromatic, lignin-rich plant detritus that 
accumulated on the surface from leaf-off, which contributes high terrestrial DOC inputs 
into rivers (Boyer et al., 1997; Sanderman et al., 2009; Kraus et al., 2010; Hinton et al., 
1997; Schiff et al., 1997; Stepczuck et al., 1998; Chow et al., 2009). In another study on 
the McKenzie River in Oregon, which has very similar seasonal trends to New England, 
Kraus et al. (2010) found that major fall storm events elevate raw water TOC and 
contributes significant DOM with high DBP precursor content into rivers. Therefore, 
while summer and fall samples concentrations for DOC were similar, the significant 
difference in aromatic content (p < 0.05) may have been due to the input of terrestrial 
plant detritus from the leaf-off during the fall.  
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In contrast, the low SUVA254 values during the summer were consistent with low 
aromatic content in soils common in the glacial till prevalent in the post-glacial landscape 
of Rhode Island (Hood et al, 2006, Vidon et al, 2008; Stone et al, 1986). This suggests 
that plant detritus was not present in significant quantities on the surface, and therefore 
did not contribute major DOC inputs as they did in the fall.  
Furthermore, there was a significant relationship (p < 0.05) between season and 
proxies used for NOM (i.e. DOC, SUVA254), while land use differences by watershed 
was found to not be significant (p > 0.5) in determining DOC concentrations during both 
seasons. This is consistent with previous studies, which showed that overland flow during 
storms mobilizes soil surface layers, regardless of the type of watershed, and increases 
the input of terrestrial, lignin-rich aromatic substances into streams (Viden et al, 2008; 
Mcknight et al., 2001; Hood et al. 2006).  
 It is likely that the observed seasonal changes in TOC composition were a 
contributing factor for water treatment trains’ performance. Lignin, which was likely 
present in the water during the fall, is known to inhibit the treatment of even advanced 
industrial wastewater effluent from pulp mills and other agricultural products (Zahrim et 
al., 2015; Wei et al., 2009; Wang et al., 2011). Inorganic salts, such as ferric sulfate, that 
are commonly used in drinking water treatment were particularly ineffective in removing 
turbidity, color, and other aromatic content, leaving effluent water lignin-rich with its 
characteristic brown color (Zahrim et al., 2015). Though analyzing the exact composition 
of the NOM and identifying the presence/absence of compounds such as lignin was 
beyond the scope of the study, ANOVA showed a significant relationship (p < 0.05) 
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between treatment efficiency (i.e. TOC removal) and season. This is a likely explanation 
for the varying treatment efficiencies between summer and fall.  
 Samples collected during the summer were more efficiently processed with 
conventional treatment. While DOC levels were similar to fall samples, turbidity, UV254, 
and SUVA254 were much lower. As a result, key water treatment parameters were at or 
below EPA guidelines for the summer collection after treatment. Although the Cork 
Brook forested watershed had anomalously high DOC at 35 mg/l, double the 17 mg/l 
concentration detected during the fall, final TOC was reduced to below the 2 mg/l upper 
limit set by the EPA.  
3.2. Bacterial Inactivation 
 
Table 14. E.coli reduction through UVC irradiation.  
E. coli Reduction Through UV-C Irradiation 
Season Sample Location Log Reduction Turbidity NPOC (mg/l) 
UV Dose 
(mJ/cm2)* 
FA Cork 0.51 6.65 12.34 <4.4 
FA Maidford 0.28 21.64 12.06 <4.4 
FA Bailey 0.64 11.63 10.47 <4.4 
SM Cork 1.6 0.12 1.94 >4.4 
SM Maidford 2.2 0.12 1.84 >4.4 
SM Bailey 2.8 0.07 1.56 >6.2 
  *UV dose as a function of wild E.coli log-reduction (Sommer et al, 1988) 
 
Bacteria inactivation was also impacted by season. This is most likely due to 
turbidity and TOC removal efficiencies, which also varied by season. It is known that 
suspended particles in unfiltered water or poorly treated water, including dissolved 
organics/inorganics, affects UV disinfection in two ways: (i) physically shielding bacteria 
from UV light, and (ii) scattering, blocking or absorbing UV light, interfering with its 
ability to be absorbed into microorganisms to achieve inactivation (Emerick et al, 2000; 
Christensen et al., 2003). For instance, humic acids tend to coat the bacteria, reducing 
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sensitivity of cells to UV light (Cantwell et al. 2008; Vilhunen, 2009). As a result, the 
EPA Enhanced Surface Water Treatment Rule specifies that filter effluent of 
conventional treatment must not exceed 1 NTU (USEPA, 2006) prior to UV disinfection. 
That is, if turbidity is below the limit, interference with UV disinfection is minimal 
(Christensen et al., 2003).  
This helps explain why summer samples, which had turbidities below 0.3 NTUs 
pre-disinfection, were effectively irradiated, achieving required bacterial count of less 
than 1 MPN/100 ml. This is in contrast to the fall samples. The presence of particles and 
suspended solids in the fall treatment, characterized by the high turbidity and TOC 
concentrations, very likely inhibited UV disinfection.  
The presence of suspended solids also explains why UV dose was different, even 
though power density and UV irradiance were identical in both the summer and fall 
experiments. UV dose, as defined by equation 2 (Appendix E), is a function of UV 
irradiance and time (Qualls and Johnson, 1985).  
UV dosage (mW·s/cm2 or mJ/cm2) = UV irradiance (mW/cm2) x time (sec) 
              Equation 2.  
The presence of suspended solids likely increased the time it took for UV 
irradiance to reach the bacteria. Since both power density and residence time for water 
samples flowing through the UV-C LED irradiation chamber (8 minutes) was identical 
for water samples in both the summer and fall, this resulted in a smaller dose for the fall 
sample relative to the summer sample.  
This is further supported by UV dose extrapolations from Sommer et al (1998), 
which correlates UV dose as a function of log inactivation (Equation 1) by quantifying 
the minimum dose required to achieve a target log inactivation under standard irradiation 
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conditions. A UV dose of at least 4.4 mJ/cm2, the minimum required for a one-log 
inactivation was achieved for summer Cork Brook and Maidford River samples. For 
Bailey summer samples, a dose of at least 6.2 mJ/cm2, the minimum required for a three-
log inactivation. However, it is likely that the true dose was much closer to 60 mJ/cm2, 
which is the UV-C LED unit’s irradiation performance under low-turbidity conditions.  
Only partial log inactivation was achieved for the fall sample with UV irradiation 
alone, thus the dose was below the 4.4 mJ/cm2 minimum required for one log inactivtion. 
The fall sample results are consistent with a study by Nelson et al. (2013) found that 
minimal reductions in bacteria concentration were achieved in wastewater treatment 
effluent with elevated turbidity (> 20 NTUs), even after irradiation for 20 and 40 minutes.  
 The effect of turbidity and TOC on UVC irradiation can be also illustrated by 
comparing the disinfection efficiencies by site. Bailey Brook, which had lower turbidity 
and TOC prior to disinfection in both seasons when compared to Cork Brook and 
Maidford River, achieved a 2 log-reduction in the summer sample when compared to the 
1-log reduction for Cork Brook and Maidford River. Although no log reduction was 
achieved for any of the sites during the fall, treated Bailey Brook samples achieved a 
77% E. coli reduction when compared to 69% for Cork Brook and 48% for Maidford 
River. 
The results herein show that although significant improvements have been made 
in UV technologies, UV-C LED and UV lamps are largely ineffective in highly turbid 
waters, hence the need for a pretreatment filter. Inactivation depends on proper removal 
of TOC and other materials that will scatter UV light. Granular activated carbon (GAC) 
filters are known to be effective in reducing turbidity and total organic carbon (Gibert et 
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al, 2013). Therefore, if small water systems violate turbidity guidelines during an 
emergency, GAC filtration may reduce turbidity for effective POU UV disinfection. 
3.3. DBP Formation 
DBP formation, including both total concentrations and relative distribution of 
individual compounds, were also significantly related to season (p < 0.05). Similar to 
other treatment results (TOC, turbidity, and bacteria), it is likely that the seasonal changes 
in NOM composition affected the DBP formation. However, pathways for THM and 
HAA formation are very complex and cannot be explained by NOM composition alone. 
They depend on a wide range of factors, including chlorine dose, pH, temperature, 
reaction time with chlorine, and presence of inorganic compounds, such as bromide (Hua 
and Reckhow, 2008; Huang et al., 2016; Sadiq and Rodriguez, 2004; Hong et al., 2007; 
Mukandan 2014). The results of this study reflect these complexities, since a combination 
of these factors affected the presence and quantity of different THM and HAA 
compounds in the summer and fall.  
        Table 15. S = Significant (p < 0.05)   NS = Not significant (p > 0.05). 
ANOVA Analysis of Total THM and HAA 
  Site Season TRT UV Dose SUVA NPOC Site:Season 
Total HAA NS S S NS S S S S 
Total THM NS S S NS S S NS S 
 
Empirical data has shown that certain types of NOM favor the formation of specific THM 
and HAA compounds. For example, it is known that low SUVA254, hydrophilic NOM 
increases the formation of THMs and DHAAs, while high SUVA254, hydrophobic NOM 
increases THAA formation (Hua and Reckhow, 2007; Liang et al 2003). The varying 
distribution of different DBP compounds can be clearly seen with respect to the two 
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SUVA254 clusters, which are distinguished by season (p < 0.05). However, other factors 
contributed to the relative distribution, including treatment method. 
     Table 16. S = Significant (p < 0.05)   NS = Not significant (p > 0.05). 
MANOVA Analysis of HAA by Compound 
  Site Season TRT UV Dose SUVA NPOC Site:Season 
 
HAA by 
Compound 
 
S S S S S S S 
 
 
S 
 
 
HAA by 
Number of 
Halogen 
Substitutions 
 
NS S NS NS S S NS NS 
HAA by 
Type of 
Halogen 
Substitutions 
NS S S NS S S NS S 
 
 Table 17. S = Significant (p < 0.05)   NS = Not significant (p > 0.05). 
MANOVA Analysis of THM by Compound 
  Site Season TRT UV Dose SUVA NPOC Site:Season 
 
THM by 
Compound 
 
S S NS NS S S S S 
THM by Type 
of Halogen 
Substitutions 
NS S S NS S S NS S 
 
ANOVA analyses showed that treatment method was significantly related to total 
DBP (p < 0.05). Lower DBP formation was strongly related with lower chlorine dose, 
while higher chlorine resulted in higher DBPs. Since treatment was function of chlorine 
disinfection and UV irradiation, further ANOVA analyses were performed on these 
methods separately with respect to DBP formation. Chlorine dose was significant (p < 
0.05), while UV had no significant relationship with DBP formation (p > 0.05). This 
suggests that chlorine disinfection alone, not combined chlorination and UV treatment, 
was primarily responsible for DBP outputs.  
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The relationship between spatial and temporal variation and DBP formation was 
more complex. Total HAA and THM formation was not significantly related to land use 
and land cover differences. However, when taking into account the relative distribution of 
compounds that constitute total HAAs and total THMs, spatial variation becomes 
significant (p < 0.05). This is likely due to the higher concentration of brominated HAAs 
and THMs during the summer than in the fall. Relative to the forested watershed (Cork 
Brook) further inland, the agricultural (Maidford River) and urban watersheds (Bailey 
Brook) are in close proximity to the Atlantic coast (Figure 1) and had higher 
concentrations of brominated DBPs. Keene (2007) identified sea-salt aerosols as the 
primary source of volatile inorganic and particulate bromine in coastal New England 
during the summer. The ocean derived bromide might explain why the treatment of 
coastal source waters resulted in higher concentrations of brominated DBPs.  
The spatial variation of brominated species may have also been related to 
treatment. The formation of brominated DBPs was affected by the type of disinfection 
method and chlorine concentration. It is known that low chlorine doses (0.5 mg/l to 1 
mg/l) are optimal for bromide oxidation and brominated DBP formation (Hua and 
Reckhow, 2012). However, as chlorine concentration increases, more chlorine is 
available for chlorinated DBP formation, decreasing brominated DBP production (Hua 
and Reckhow, 2012). This expected outcome was also observed in this study (i.e., the 
highest level of brominated DBPs was detected in the UVPD treatment train, which used 
the lowest chlorine concentration of 0.5 mg/l). On the other hand, more non-brominated 
and chloro-brominated DBPs were dominant during CPD and UV-CPD treatment, which 
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had a higher chlorine concentration of 2 mg/l. These results are important, since 
brominated DBPs are more toxic than non-brominated species (Yang et al, 2014). 
NOM composition by season may also explain the significant (p < 0.05) 
relationship between season and total THMs and HAAs, as well as the relative 
distribution of individual compounds that constitute them. Empirical data has shown that 
hydrophobic NOM, characterized by higher SUVA254 values, is more important for HAA 
formation, while, hydrophilic NOM is more important for THMs and DHAA (Hua and 
Reckhow, 2008; Ozdemir, 2014). This is consistent with the data in this study. 
Chlorination of the treated fall samples, which had hydrophobic, high SUVA254 NOM, 
resulted in higher HAAs overall (White et al, 1997; Van Benschoten and Edzwald, 1990; 
Karanfil et al, 2002). On the other hand, the summer, which was by hydrophilic, low 
SUVA254 NOM, more THMs were formed than in the fall.  
In addition to the seasonal and spatial effects on DBP formation, the experimental 
parameters of this study, especially pH and chlorine dose, had an THM and HAA 
formation pathways. Hua and Reckhow (2008) found that low pH favors THAA but 
suppresses THMs, while high pH favors THMs and DHAAs. The relatively low pH of 6 
used in this experiment also explains low concentrations of total THMs. While it is true 
that the hydrophobic NOM observed in the fall favors certain groups of HAAs, it is likely 
that the low pH also contributed to the low THM formation, even though there were more 
precursors available in the fall in the form of high TOC (Hua and Reckhow, 2008). Two-
way ANOVA analyses confirmed this, as there was no significance between THM 
formation and site and season (p > 0.05). Therefore, it is very likely that changing a 
parameter such as pH will have major effects on the results. For example, if pH was 
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increased to 10, THM formation will increase while HAA formation will decrease overall 
(Hua and Reckhow 2008).  
Chlorine dose may also have had an effect on DBP formation pathways, 
especially for the fall samples. Overall, DHAA was dominant at an average of 55-67% 
for all three sites, while THAA only accounted for 20-30% of total HAAs. THMs 
decreased from summer to fall. This is at odds with a study by Hua et al (2015), which 
has shown that the combination of low pH and hydrophobic matter in the fall should have 
resulted in THAA > DHAA > THM. However, the pathways by Hua et al (2015) and 
other studies were determined through DBP formation potential tests which used a high 
chlorine dose (20 mg/l), in excess of a sample’s chlorine demand to determine maximum 
DBP formation potential (Hua and Reckhow, 2008). In conventional water treatment 
systems, < 10 mg/l of chlorine is more likely to be used (Hua and Reckhow, 2008). 
Moreover, lower chlorine concentrations (< 3 mg/l) favor DHAA formation over THAA 
formation, since NOM precursors that form DHAAs are more reactive at low 
concentrations, whereas more free chlorine is needed for oxidation or substitution 
reactions for precursors to form THAA (Hua and Reckhow, 2008; Diehl et, 2000). 
Chlorine concentrations for this study did not exceed 2 mg/l, explaining why DHAA was 
the dominant HAA species in conditions that would have otherwise favored THAA. 
 Therefore, these results express the complexities of disinfection and DBP 
formation. In the event that small water systems are unable to effectively treat water 
during emergencies, point-of-use chlorination may be a challenge for the typical end-
user. DBP formation pathways are very complex, especially in the presence of more 
precursors, as was seen in the fall scenario. Changing pH or chlorine concentration may 
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not have the desired effect in these cases, since they may suppress one type of DBPs 
while increasing the formation of others. Moreover, if too little chlorine is used in the 
presence of so many precursors, those precursors may compete for chlorine demand, 
making less chlorine available to treat bacteria (LeChevallier et al., 1981). 
5. Conclusion 
The results of this study suggest that there are advantages to using LED-based UV 
for point-of-use disinfection. The efficiency of such systems depends on the efficacy of 
water treatment from the distributor. The summer experiment showed that when water 
quality parameters, such as turbidity and TOC, are within EPA limits, UV-C LED in 
combination a low dose of chlorine is sufficient for bacterial inactivation for up to 24 
hours, while producing fewer DBPs than chlorine when it is used as a primary 
disinfectant.  
However, there are also major disadvantages to relying on UV-C LED alone, 
since UV transmissivity and inactivation efficacy depend on effective turbidity and TOC 
removal. The results of this study show that conventional NOM treatment is vulnerable to 
failure, especially during seasonal changes to water chemistry. During the fall 
experiment, conventional treatment process failed to remove TOC efficiently for all three 
watersheds, irrespective of LULC and best management practices such as forested buffer 
zones. This led to adverse consequences for the disinfection trains tested in this study. 
UV disinfection was inhibited due to reduced UV transmittance from the turbid waters. 
On the other hand, when chlorine was used as a primary disinfectant, HAA formation 
reached or exceeded the EPA MCL of 60 g/l due to the availability of more TOC to 
react with chlorine. While the higher chlorine concentration in the conventional treatment 
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train managed to inactivate all bacteria, it did so at the cost of exceeding the EPA MCL 
for HAAs. Nevertheless, despite chlorine’s effective disinfection, the water in the fall 
samples failed to meet other drinking water criteria, such as thresholds for turbidity and 
TOC. Consequently, it is unlikely that highly turbid water, which would prevent effective 
UV disinfection, will be suitable for consumption. 
Moreover, given the complexities of DBP formation, which include everything 
from NOM composition to coastal proximity, many end-users will likely face difficulty 
chlorinating their water effectively in the event of an emergency. Though the results of 
this study are specific to New England environments, similar challenges may occur in 
other geographic regions if small water systems are unable to effectively treat their water 
during emergencies.  
To conclude, UV is recommended for use as a primary disinfectant with a smaller 
concentration of chlorine as a secondary disinfectant. Doing so will reduce the amount of 
chlorine contact with potentially harmful precursors. However, caution must be 
exercised, and the use of filters prior to disinfection, such as GAC, are highly 
recommended. Future studies will assess the practically of using UV with other filters 
under highly turbid conditions.  
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Appendix A: List of Abbreviations 
 
Table A1: HAA Analytes 
BROM Brominated haloacetic acids 
CHLOR Chlorinated haloacetic acids 
MAA Monoacetic Acid 
DHAA Dihaloacetic Acid 
THAA Trihaloacetic Acid 
MCAA Monochloroacetic Acid 
MBAA Monobromoacetic Acid 
DCAA Dichloroacetic Acid 
BCAA Bromochloroacetic Acid 
TCAA Tricholoroaceitc Acid 
DBAA Dibromoacetic Acid 
BDCAA Bromodichloroacetic Acid 
 
Table A2: THM Analytes 
CHCl3 Chloroform 
CHCl2Br Bromodichloromethane 
CHClBr2 Chlorodibromomethane 
CHBr3 Bromoform 
THM4 Total THMs  
BROM Brominated THMs 
CHLOR Chlorinated THMs 
TCAN Trichloroacetonitrile 
DCAN Dichloroacetonitrile 
BCAN Bromochloroacetonitrile 
 
Table A3: Water Quality Parameters 
NPOC/INPOC Non-purgable organic carbon/initial non-purgable organic carbon 
UV254/IUV254 Ultraviolet absorbance at 254 nm/initial ultraviolet absorbance at 
254 nm 
SUVA/ISUVA Specific UV absorbance at 254 nm/initial specific UV absorbance 
at 254 nm 
TUR/ITUR Turbidity/initial turbidity 
TRT Treatment type 
Site F= Forested (Cork Brook); U = Urban (Bailey Brook); A = 
Agricultural (Maidford River) 
Season SM = Summer; FA = Fall 
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Table A4: Treatment Trains 
D1_C UVPD with Cork Sample 
D2_C CPD with Cork Sample 
D3_C UV-CPD with Cork Sample 
D1_M UVPD with Maidford Sample 
D2_M CPD with Maidford Sample 
D3_M UV-CPD with Maidford Sample 
D1_B UVPD with Bailey Sample 
D2_B CPD with Bailey Sample 
D3_B UV-CPD with Bailey Sample 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
62 
 
 
 
Appendix B: Disinfection Byproduct Data 
 
Table B1. HAA Data by Species (concentrations in g/l) 
Treatment BROM CHLOR MAA DHAA THAA Site Season 
D1_C 11.47 3.12 2.57 5.69 25.38 F SM 
D2_C 4.40 14.46 6.55 37.98 10.89 F SM 
D3_C 5.64 12.42 4.84 37.06 13.88 F SM 
D1_M 5.50 2.74 1.86 5.67 5.64 A SM 
D2_M 7.70 14.42 4.21 39.27 16.78 A SM 
D3_M 7.38 15.62 4.70 43.93 13.88 A SM 
D1_B 5.66 2.85 1.81 7.66 5.76 U SM 
D2_B 7.54 19.19 3.95 44.30 21.96 U SM 
D3_B 6.55 18.76 4.25 46.29 17.03 U SM 
D1_C 9.40 0.91 1.45 5.83 6.79 F FA 
D2_C 11.44 8.31 1.15 12.24 15.90 F FA 
D3_C 12.76 8.31 1.60 12.23 16.55 F FA 
D1_M 11.74 1.29 0.96 9.81 6.81 A FA 
D2_M 17.03 3.17 1.12 14.90 13.24 A FA 
D3_M 15.25 0.51 0.93 7.95 9.94 A FA 
D1_B 10.64 0.35 1.08 6.19 5.26 U FA 
D2_B 16.14 1.84 0.87 13.43 11.07 U FA 
D3_B 14.97 1.95 0.95 12.48 10.36 U FA 
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Table B1. HAA Data by species (continued) 
Treatment BROM CHLOR MAA DHAA THAA Site Season 
D1_C 2.43 0.14 5.38 0.28 0.69 F SM 
D2_C 6.38 0.17 36.54 1.31 8.09 F SM 
D3_C 4.73 0.11 35.57 1.37 7.69 F SM 
D1_M 1.70 0.16 4.93 0.68 1.04 A SM 
D2_M 4.11 0.11 35.37 3.71 10.31 A SM 
D3_M 4.52 0.19 39.52 4.21 11.11 A SM 
D1_B 1.64 0.17 6.71 0.76 1.21 U SM 
D2_B 3.77 0.18 40.58 3.54 15.42 U SM 
D3_B 4.18 0.07 42.27 3.84 14.58 U SM 
D1_C 0.00 1.45 3.39 1.81 0.91 F FA 
D2_C 0.00 1.15 8.95 2.69 8.31 F FA 
D3_C 0.00 1.60 8.73 2.74 8.31 F FA 
D1_M 0.00 0.96 3.26 3.33 1.29 A FA 
D2_M 0.00 1.12 5.59 5.87 3.17 A FA 
D3_M 0.00 0.93 1.80 3.17 0.51 A FA 
D1_B 0.00 1.08 0.69 1.49 0.35 U FA 
D2_B 0.00 0.87 3.85 5.08 1.84 U FA 
D3_B 0.00 0.95 3.72 4.61 1.95 U FA 
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Table B1. HAA Data by species (continued) 
Treatment BROM CHLOR MAA DHAA THAA Site Season 
D1_C 0.03 3.62 13.68 7.40 0.03 F SM 
D2_C 0.12 2.80 0.00 0.00 0.12 F SM 
D3_C 0.12 2.97 2.15 1.08 0.12 F SM 
D1_M 0.07 3.55 0.00 1.04 0.07 A SM 
D2_M 0.19 2.85 2.78 0.85 0.19 A SM 
D3_M 0.20 2.78 0.00 0.00 0.20 A SM 
D1_B 0.19 3.43 0.00 1.12 0.19 U SM 
D2_B 0.18 2.50 2.90 1.15 0.18 U SM 
D3_B 0.19 2.46 0.00 0.00 0.19 U SM 
D1_C 0.63 0.52 0.37 4.99 0.63 F FA 
D2_C 0.60 3.03 0.58 3.97 0.60 F FA 
D3_C 0.76 2.89 0.58 4.76 0.76 F FA 
D1_M 3.23 1.37 1.29 2.85 3.23 A FA 
D2_M 3.43 5.31 3.46 1.29 3.43 A FA 
D3_M 2.98 1.31 1.25 6.86 2.98 A FA 
D1_B 4.01 0.32 0.84 3.75 4.01 U FA 
D2_B 4.50 4.33 3.52 1.37 4.50 U FA 
D3_B 4.15 3.92 3.15 1.34 4.15 U FA 
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Table B2. THM data by species (concentrations in g/l) 
Treatment CHCl3 CHCl2Br CHClBr2 CHBr3 TTHM4 Site Season 
D1_C 2.13 1.36 0.89 0.00 4.38 F SM 
D2_C 7.94 4.99 1.84 0.00 14.77 F SM 
D3_C 6.45 4.70 1.77 0.00 12.92 F SM 
D1_M 1.68 1.19 2.25 2.01 7.13 A SM 
D2_M 2.85 6.71 7.37 2.02 18.95 A SM 
D3_M 4.18 7.09 7.44 1.89 20.60 A SM 
D1_B 1.02 0.67 1.97 3.81 7.47 U SM 
D2_B 2.14 5.32 8.60 3.64 19.70 U SM 
D3_B 2.46 5.74 9.16 3.86 21.23 U SM 
D1_C 0.57 0.00 0.00 0.00 0.57 F FA 
D2_C 4.82 0.28 0.00 0.00 5.09 F FA 
D3_C 4.66 0.28 0.00 0.00 4.94 F FA 
D1_M 0.67 0.00 0.00 0.00 0.67 A FA 
D2_M 6.13 0.99 0.00 0.00 7.12 A FA 
D3_M 6.64 1.08 0.00 0.00 7.72 A FA 
D1_B 0.99 0.00 0.00 0.00 0.99 U FA 
D2_B 9.64 1.26 0.00 0.00 10.90 U FA 
D3_B 9.09 1.16 0.00 0.00 10.25 U FA 
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Table B2. THM Data by species (continued) 
Treatment CHCl3 CHCl2Br CHClBr2 CHBr3 TTHM4 Site Season 
D1_C 2.25 2.13 0.00 0.33 0.03 F SM 
D2_C 6.83 7.94 0.00 1.50 0.02 F SM 
D3_C 6.47 6.45 0.00 1.48 0.02 F SM 
D1_M 5.45 1.68 0.00 1.30 0.02 A SM 
D2_M 16.10 2.85 0.00 1.23 0.03 A SM 
D3_M 16.42 4.18 0.00 1.31 0.01 A SM 
D1_B 6.45 1.02 0.00 0.00 0.02 U SM 
D2_B 17.56 2.14 0.00 0.66 0.02 U SM 
D3_B 18.76 2.46 0.00 0.73 0.02 U SM 
D1_C 0.00 0.57 0.00 0.00 0.08 F FA 
D2_C 0.28 4.82 0.00 0.29 0.00 F FA 
D3_C 0.28 4.66 0.00 0.30 0.00 F FA 
D1_M 0.00 0.67 0.00 0.00 0.00 A FA 
D2_M 0.99 6.13 0.00 0.51 0.00 A FA 
D3_M 1.08 6.64 0.00 0.54 0.00 A FA 
D1_B 0.00 0.99 0.00 0.00 0.00 U FA 
D2_B 1.26 9.64 0.00 0.68 0.00 U FA 
D3_B 1.16 9.09 0.00 0.70 0.00 U FA 
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Table B2. THM data by species (continued) 
Treatment CHCl3 CHCl2Br CHClBr2 CHBr3 TTHM4 Site Season 
D1_C 0.00 0.75 0.00 0.00 0.00 F SM 
D2_C 0.00 0.75 0.00 1.88 0.00 F SM 
D3_C 0.00 0.65 0.00 1.56 0.00 F SM 
D1_M 0.00 1.09 0.00 0.94 0.00 A SM 
D2_M 0.00 0.90 0.00 0.98 0.00 A SM 
D3_M 0.00 0.87 0.00 0.00 0.00 A SM 
D1_B 0.00 0.00 0.00 0.00 0.00 U SM 
D2_B 0.00 0.85 0.00 0.00 0.00 U SM 
D3_B 0.00 0.91 0.00 0.00 0.00 U SM 
D1_C 0.00 0.96 0.00 0.00 0.00 F FA 
D2_C 0.00 3.09 0.00 2.83 0.00 F FA 
D3_C 0.00 3.14 0.00 2.90 0.00 F FA 
D1_M 0.00 0.87 0.00 0.00 0.00 A FA 
D2_M 0.00 3.02 0.00 3.11 0.00 A FA 
D3_M 0.00 3.22 0.00 3.44 0.00 A FA 
D1_B 0.00 1.30 0.00 0.00 0.00 U FA 
D2_B 0.00 3.77 0.00 4.90 0.00 U FA 
D3_B 0.00 3.93 0.00 5.30 0.00 U FA 
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Appendix C: Water Quality Parameters 
 
  Table C1: Cork Brook summer sample water quality data 
 Raw Post Filter Post Filter + UVC UVPD CPD UV-CPD 
Turbidity 
(NTU) 
4.17 0.12 0.16 0.15 0.16 0.20 
NPOC (mg/l) 34.23 1.94 1.81 1.78 1.87 1.77 
UV254 0.12 0.03 0.03 0.03 0.03 0.03 
E. Coli 
(MPN/100 ml) 
22 5.83 <1 <1 <1 <1 
 
  Table C2: Maidford River summer sample water quality data 
 Raw Post Filter Post Filter + UVC UVPD CPD UV-CPD 
Turbidity 
(NTU) 
1.52 0.12 0.10 0.18 0.24 0.15 
NPOC (mg/l) 23.91 1.84 1.76 1.75 1.75 1.70 
UV254 0.12 0.03 0.03 0.03 0.03 0.03 
E. Coli 
(MPN/100 ml) 
642.7 78.36 <1 <1 <1 <1 
 
Table C3: Bailey Brook summer sample water quality data 
 Raw Post Filter Post Filter + UVC UVPD CPD UV-CPD 
Turbidity 
(NTU) 
3.27 0.07 0.09 0.10 0.08 0.08 
NPOC (mg/l) 19.99 1.56 1.55 1.50 1.55 1.53 
UV254 0.12 0.03 0.03 0.03 0.03 0.03 
E. Coli 
(MPN/100 ml) 
878.31 14.41 <1 <1 <1 <1 
 
 
Table C4: Cork Brook fall sample water quality data 
 Raw Post Filter Post Filter + UVC UVPD CPD UV-CPD 
Turbidity 
(NTU) 
7.62 6.65 6.70 4.20 3.58 3.87 
NPOC (mg/l) 17.63 12.34 12.29 12.29 12.29 12.29 
UV254 0.72 0.49 0.48 0.48 0.48 0.48 
E. Coli 
(MPN/100 ml) 
310 222.17 67.64 <1 <1 <1 
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Table C5: Maidford River fall sample water quality data 
 Raw Post Filter Post Filter + UVC UVPD CPD UV-CPD 
Turbidity 
(NTU) 
51.66 21.64 20.71 21.40 20.15 20.53 
NPOC (mg/l) 20.25 12.06 11.78 12.86 12.31 12.88 
UV254 0.69 0.45 0.46 0.45 0.45 0.45 
E. Coli 
(MPN/100 
ml) 
4525 940.97 487.21 3.00 <1 <1 
 
Table C6: Bailey fall sample water quality data 
 Raw Post Filter Post Filter + UVC UVPD CPD UV-CPD 
Turbidity 
(NTU) 
15.97 11.63 9.95 9.65 9.73 11.64 
NPOC (mg/l) 17.09 10.47 10.83 9.90 9.90 9.54 
UV254 0.58 0.36 0.35 0.35 0.35 0.35 
E. Coli 
(MPN/100 ml) 
4328 804 183 5.00 <1 <1 
 
 
 
Figure C1. Bailey fall sample spectra. 
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Figure C2. Bailey summer sample spectra. 
 
 
Figure C3. Cork fall sample spectra. 
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Figure C4. Cork summer sample spectra. 
 
 
 
Figure C5. Maidford fall sample spectra. 
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Appendix D: Analytical Methods 
 
Table D1: Summary of Procedure for HAA Sample Analysis 
1. Prepare calibration standards (Table 2) and QC samples (Table 3) 
2. Place 30 mL of sample/standard to be analyzed into vial. 
3. If residual chlorine is present add approximately 40 mg of NH4Cl 
4. Add 20 μL of surrogate stock solution to each vial 
5. Add 1.5mL concentrated H2SO4 to each vial. 
6. Add 3mL of the pre-mixed MTBE + internal standard. 
7. Add approximately 15g of Na2SO4. (Use dispenser made by glass shop.) 
8. Shake for 15 minutes. 
9. Make a solution of acidic methanol + 5% H2SO4. Place 2mL of this solution into 
20mL vials. 
10. Remove 1mL from first extract and place into prepared 20mL vials. 
11. Place in a 50oC water bath for 2 hours. 
12. Make a saturated solution of NaHCO3. Add 5 mL of this solution to each vial. 
13. Add 1mL pure MTBE (no IS). 
14. Shake for 2 minutes. 
15. Place extract into autosampler vials, freeze, and analyze. 
 
Source: UMass Amherst Civil Engineering SOP, David Reckhow (2012) 
 
Table D2: Typical Preparation of Calibration Standard for HAA Sample Analysis 
1. Prepare Stock II as needed: Add 150 µl  of a 2000 µg/l  HAA stock (Supelco) and 300 µl  
each of 1000  µg/l  Brominated stocks (Supelco) to a 10mL volumetric flask containing MTBE.  
2. Prepare calibration standards: add 30mL of Super-Q to 7 vials. Add 0, 5, 10, 20, 30, 50, and 
80 µl of stock II. Volumes of stock addition may be adjusted based on expected HAA 
concentration range and speciation.  
 
Source: UMass Amherst Civil Engineering SOP, David Reckhow (2012) 
 
Table D3: Typical Preparation of QC Samples  
1. Prepare Stock II as needed: Add 150 µl  of a 2000 µg/l HAA stock (Supelco) and 300 µl 
each of 1000 µg/l Brominated stocks (Supelco) to a 10mL volumetric flask containing MTBE.  
2. Prepare calibration standards: add 30mL of Super-Q to 7 vials. Add 0, 5, 10, 20, 30, 50, and 
80 µl  of stock II. Volumes of stock addition may be adjusted based on expected HAA 
concentration range and speciation.  
 
Source: UMass Amherst Civil Engineering SOP, David Reckhow (2012) 
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Table D4: Summary of Procedure for THM Sample Analysis  
1. Prepare calibration standards (Table 5) and QC samples (Table 6)  
2. Place 20 mL of sample/standard to be analyzed into vial.  
3. If residual chlorine is present add approximately 40 mg of NH4Cl  
4. Add 4mL of the pre-mixed Pentane1 + internal standard.  
5. Add approximately 15g of Na2SO4 (Use dispenser made by glass shop.)  
6. Shake for 15 minutes.  
7. Transfer organic layer into autosampler vials  
8. Freeze to remove water, and analyze.  
 
Source: UMass Amherst Civil Engineering SOP, David Reckhow (2012) 
 
Table D5. Typical Preparation of Calibration Standard for THM Sample Analysis 
1. Prepare Stock II as needed: Add 100 µl  of 551A commercial mix and 20 µl  of the 551B 
commercial mix to a 10mL volumetric flask containing acetone.  
2. Prepare calibration standards: add 20mL of Super-Q to 7 vials. Add 0, 5, 10, 20, 30, 50, and 
80 µl of stock II. Volumes of stock addition may be adjusted based on expected HAA 
concentration range and speciation.  
 
Source: UMass Amherst Civil Engineering SOP, David Reckhow (2012) 
 
Table D6. Typical Preparation of QC Samples for THM Sample Analysis 
1. Prepare Spiked samples for determination of matrix recovery (laboratory fortified sample 
matrix). Select 10% of analytical samples and set aside an additional 20 mL aliquot of each. 
Add either 20, 30 or 50 µl  of calibration stock II to each.  
2. Prepare a continuing calibration check standard at the 50 g/l level.  
3. Prepare any other QC samples as needed (see Table 10, page 26).  
 
Source: UMass Amherst Civil Engineering SOP, David Reckhow (2012) 
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Appendix E: Equations 
 
 
 
                            
   Equation 1. Percent aromaticity as a function of SUVA254.  
                           Source: Weishaar et al (2003) 
 
 
 
 
UV dosage (mW·s/cm2 or mJ/cm2) = UV irradiance (mW/cm2) x time (sec) 
        
      Equation 2. UV dosage as a function of irradiance and time 
      Source: Qualls and Johnson (1985) 
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Appendix F: Land-use Maps 
 
Figure F1: Maidford River watershed land usage 
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Figure F2: Maidford River agricultural land usage 
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Figure F3: Bailey Brook urban land usage 
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Figure F4: Maidford River and Bailey Brook watersheds 
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Figure F5: Bailey Brook agricultural land use 
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Figure F6: Bailey Brook watershed land use 
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       Figure F7: Cork Brook watershed use (Anderson et al, 2017). 
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